Receptor activity-modifying proteins (RAMPs) enable calcitonin receptor-like receptor (CRLR) to function as a calcitonin generelated peptide receptor (CRLR/RAMP1) or an adrenomedullin (AM) receptor (CRLR/RAMP2 or -3). Here we investigated the functions of the cytoplasmic C-terminal tails (C-tails) of human RAMP1, -2, and -3 (hRAMP1, -2, and -3) by cotransfecting their C-terminal deletion or progressive truncation mutants into HEK-293 cells stably expressing hCRLR. Deletion of the C-tail from hRAMP1 had little effect on the surface expression, function, or intracellular trafficking of the mutant heterodimers. By contrast, deletion of the C-tail from hRAMP2 disrupted transport of hCRLR to the cell surface, resulting in significant reductions in 125 I-hAM binding and evoked cAMP accumulation. The transfection efficiency for the hRAMP2 mutant was comparable with that for wildtype hRAMP2; moreover, immunocytochemical analysis showed that the mutant hRAMP2 remained within the endoplasmic reticulum. FACS analysis revealed that deleting the C-tail from hRAMP3 markedly enhances AM-evoked internalization of the mutant heterodimers, although there was no change in agonist affinity. Truncating the C-tails by removing the six C-terminal amino acids of hRAMP2 and -3 or exchanging their C-tails with one another had no effect on surface expression, agonist affinity, or internalization of hCRLR, which suggests that the highly conserved Ser-Lys sequence within hRAMP C-tails is involved in cellular trafficking of the two AM receptors. Notably, deleting the respective C-tails from hRAMPs had no effect on lysosomal sorting of hCRLR. Thus, the respective C-tails of hRAMP2 and -3 differentially affect hCRLR surface delivery and internalization.
vasorelaxation (1) (2) (3) . The receptors that mediate these effects are heterodimers composed of CRLR and RAMP, a novel accessory protein (4) . The three RAMP isoforms (RAMP1, RAMP2, and RAMP3) are each composed of ϳ160 amino acids, and all exhibit a common structure that includes a large extracellular N-terminal domain, a single membranespanning domain, and a very short C-tail, but they share less than 30% sequence identity and differ in their tissue distributions (4, 5) . When acting as a chaperone, each RAMP forms a 1:1 heterodimer with CRLR, probably in the ER (4, 6) . They then mediate the transport of CRLR to the cell surface, where the heterodimers form functional CGRP or AM receptors: CRLR/RAMP1 forms the CGRP 1 receptor (4), which can also be activated by high concentrations of AM (7, 8) ; CRLR/RAMP2 forms an AM-specific receptor that is sensitive to the AM receptor antagonist AM-(22-52) (AM 1 receptor) (7, 9) ; and CRLR/RAMP3 forms an AM receptor that is sensitive to both the CGRP 1 receptor antagonist CGRP-(8 -37) and AM-(22-52) (AM 2 receptor) (7, 9) . It is the RAMP extracellular domain that mediates agonist binding to CRLR/RAMP heterodimers (11) (12) (13) , which in turn mediate intracellular cAMP production and Ca 2ϩ mobilization (4, 10) .
Exposing cells that express GPCRs to their respective agonists frequently leads to a rapid internalization of the receptor in a process believed to involve clathrin-coated vesicles, caveolin-rich vesicles, or both (14, 15) . The internalized GPCRs may be recycled back to the plasma membrane in order to promote functional restoration of signal transduction, or they may be trafficked to lysosomes, where they are degraded (14, 15) . Similarly, upon binding their respective agonist, hCRLR/RAMP heterodimers stably expressed in HEK-293 cells are rapidly internalized without dissociation via clathrin-coated vesicles (6, 10) in a process that is blocked by dominant negative mutants of dynamin and ␤-arrestin 2 (6) . In that regard, it is well known that G proteincoupled receptor kinases phosphorylate serine/threonine sites located in many GPCR C-tails, enabling ␤-arrestins to bind there (16). After internalization, both CRLR and RAMP are targeted to lysosomes (10) , where they are degraded (6) .
Although short, the RAMP C-tails do contain potential sites of interaction with other proteins (5, 17) . For instance, the hRAMP3 C-tail possesses a classical type I PDZ (PSD-95/Disc-large/ZO-1) binding motif (TLL) (5, 17) , and the binding of NSF to the PDZ motif of hRAMP3 was found to promote slow recycling of internalized hCRLR/ hRAMP3 heterodimers in HEK-293 cells (18) . In addition, a five-residue motif (QSKRT) in the hRAMP1 C-tail can act as an ER retention signal (19) . The C-tails of RAMPs, like that of CRLR, also contain potential phosphorylation and ubiquitination sites (5, 17) . Ubiquitination is the post-translational attachment of ubiquitin lysine residues in the substrate proteins (20, 21) ; it is not crucial for receptor internalization but is essential for proper trafficking to lysosomes for degradation (22, 23) . Whether the phosphorylation and ubiquitination sites are also involved * This work was supported in part by grants-in-aid for scientific research on priority areas and for the 21st Century Centers of Excellence Program (Life Science) from the Ministry of Education, Culture, Sports, Science, and Technology, Japan. The costs of publication of this article were defrayed in part by the payment of page charges. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. Section 1734 solely to indicate this fact. □ S The on-line version of this article (available at http://www.jbc.org) contains one supplemental figure. 1 To whom correspondence should be addressed. in intracellular trafficking of CRLR/RAMP heterodimers remains unknown. To address that issue, we examined the effects of expressing various hRAMP C-tail deletion and progressive truncation mutants and chimeras in which the C-tails were exchanged among the three hRAMPs in HEK-293 cells stably expressing hCRLR. Expression Constructs-hNSF (GenBank TM accession number BC030613) was cloned from cDNA obtained from human heart (Clontech) using PCR with the appropriate primers and then modified to provide a consensus Kozak sequence as previously described (25) . hRAMP1, -2, and -3 (4) were also modified to provide the same Kozak sequence. A double V5 epitope tag (GKPIPNPLLGLDST) was ligated, in frame, to the 5Ј-end of the cDNAs encoding each intact hRAMP, and the native signal sequences were removed and replaced with MKTI-LALSTYIFCLVFA (26), yielding V5-hRAMP1, -2, and -3. The deletion and progressive truncation mutations in the V5-hRAMP C-tails were created by using 3Ј-primers that introduced a translational stop codon at the desired positions (Fig. 1) ; with RAMP3, for instance, ⌬139 represents a mutant in which a stop codon was introduced after residue 139. In addition, various V5-hRAMP chimeras were constructed by exchanging the 9 C-terminal amino acid residues among the three hRAMPs. The hNSF, V5-hRAMPs, V5-hRAMP deletion and truncation mutants, and V5-hRAMP chimeras were then respectively cloned into the mammalian expression vector pCAGGS/Neo (10) using the 5Ј-XhoI and 3Ј-NotI sites, and the sequences of the resultant constructs were all verified using an Applied Biosystems 310 Genetic Analyzer. The individual V5-hRAMPs were compared with the native sequence in the assays and were found to behave identically (data not shown).
EXPERIMENTAL PROCEDURES

Materials
Cell Culture and DNA Transfection-HEK-293 cells stably expressing a hCRLR-GFP chimera (10) were maintained in Dulbecco's modified Eagle's medium supplemented with 10% fetal bovine serum, 100 units/ml penicillin G, 100 g/ml streptomycin, 0.25 g/ml amphotericin B, and 0.25 mg/ml G 418 at 37°C under a humidified atmosphere of 95% air, 5% CO 2 . For experimentation, cells were seeded into 6-or 24-well plates and, upon reaching 70 -80% confluence, were transiently cotransfected with the indicated cDNAs using Lipofectamine transfection reagents (Invitrogen) according to the manufacturer's instructions. Briefly, the cells were incubated for 4 h in Opti-MEM I medium containing plasmid DNAs, Plus reagent, and Lipofectamine (see Ref. 27 for 6-well and Ref. 11 for 24-well plates). As a control, some cells were transfected with empty vector (mock). All experiments were carried out 48 h after transfection.
FACS Analysis-Flow cytometry was carried out to assess the levels of cell surface expression of V5-hRAMPs, V5-hRAMP truncation mutants, or V5-hRAMP chimeras in HEK-293 cells. To evaluate cell surface expression, cells were harvested following transient transfection, washed twice with PBS, resuspended in ice-cold FACS buffer (27) , and then incubated for 60 min at 4°C in the dark with anti-V5 monoclonal antibody (1:1000 dilution). Following two additional washes with FACS buffer, the cells were incubated for 60 min at 4°C in the dark with PE-conjugated rabbit anti-mouse secondary antibody (1:400 dilution) in ice-cold FACS buffer. For evaluation of whole cell expression, cells were first permeabilized using IntraPrep TM reagents (Beckman Coulter, Fullerton, CA) according to the manufacturer's instructions and then incubated with anti-V5-FITC antibody (1:500 dilution) for 15 min at room temperature in the dark. Following two successive washes with FACS buffer, both groups of cells were subjected to flow cytometry in an EPICS XL flow cytometer (Beckman Coulter) and analyzed using EXPO 2 software (Beckman Coulter). Fluorophores were excited at 488 nm, and the emission was monitored at 530 nm for GFP and 575 nm for PE. Viability was assessed by exclusion of propidium iodide.
Immunofluorescence Microscopy-HEK-293 cells stably expressing hCRLR-GFP were plated onto 35-mm glass-bottomed dishes (Iwaki, Tokyo, Japan). As determined by the experimental protocol, some cells were then transiently transfected with V5-hRAMP2, ⌬166-hRAMP2, or ⌬167-hRAMP2. The cells were then fixed with 3.7% formaldehyde in PBS for 20 min at room temperature, washed twice with PBS, and permeabilized with 0.25% Triton X-100 in PBS for 10 min. Thereafter, the cells were incubated at room temperature for 30 min in blocking buffer (PBS containing 1% bovine serum albumin), followed by incubation for 60 min first with rabbit anti-calnexin (1:200 dilution) and mouse anti-V5-FITC antibody (1:500 dilution) and then, after washing four times with PBS, with the Alexa Fluor 594 diluted 1:100 in blocking buffer. After another three washes with PBS, the cells were mounted using Slow-Fade mounting medium (Molecular Probes, Inc.), and a 22-mm glass coverslip was seated in the center of each dish. Double labeling was viewed using a TCS-SP2 AOBS confocal laser-scanning microscope (Leica) equipped with a ϫ 63/1.32 numerical aperture immersion lens (Leica).
Whole-cell Radioligand Binding Assays-Transfected HEK-293 cells in 24-well plates were washed twice with prewarmed PBS and then incubated for 5 h at 4°C with 125 I-[Tyr 0 ]h␣CGRP (100 pM) or 125 I-hAM (20 pM) in the presence (for nonspecific binding) or absence (for total binding) of 1 M unlabeled h␣CGRP or hAM in modified Krebs-Ringer-HEPES medium (10), after which they were washed twice more with ice-cold PBS and harvested with 0.5 M NaOH. The associated cellular radioactivity was measured in a ␥-counter. Specific binding was defined as the difference between total binding and nonspecific binding.
cAMP Measurements-Transfectants in 24-well plates were incubated for 15 min at 37°C in Hanks' buffer containing 20 mM HEPES, 0.2% bovine serum albumin, 0.5 mM 3-isobutyl-1-methylxanthine (Sigma), and the indicated concentrations of h␣CGRP or hAM. The reaction mixture was then replaced with 20 mM HCl and 1 M acetic acid to extract the intracellular cAMP, after which the resultant extracts were lyophilized and stored at Ϫ30°C until assayed. The cAMP concentrations were measured using our specific radioimmunoassay (1) .
FACS Analysis of Receptor Internalization and
Recycling-Following cotransfection of the indicated cDNAs into HEK-293 cells stably expressing hCRLR-GFP in 6-well plates, the cells were exposed to selected concentrations of h␣CGRP or hAM in prewarmed serumfree Dulbecco's modified Eagle's medium containing 20 mM HEPES and 0.2% bovine serum albumin for the indicated periods (up to 2 h) at 37°C. For receptor recycling studies, the cells were incubating for 60 min with the agonist plus 10 g/ml cycloheximide and 10 g/ml brefeldin A and then washed three times with prewarmed PBS. The medium was then replaced with prewarmed Dulbecco's modified Eagle's medium containing 20 mM HEPES, 10% fetal bovine serum, 10 g/ml cycloheximide, and 10 g/ml brefeldin A for the indicated periods (up to 4 h) at 37°C. Internalization and recycling were stopped by adding ice-cold PBS, after which the cells were harvested, resuspended in ice-cold FACS buffer, and labeled with anti-V5 monoclonal antibody and fluorescein PE-conjugated rabbit antimouse secondary antibody. The cells were then subjected to flow cytometry and analyzed as described above.
mRNA Expression Measured by Real Time Quantitative PCR-Total RNAs were extracted from HEK-293 cells either untransfected or transfected as indicated using total RNA isolation reagent (Invitrogen). Thereafter, the target cDNAs were synthesized from the respective mRNAs by reverse transcription using SuperScript reverse transcriptase (Invitrogen). The expression of mRNAs encoding hNSF was assessed using real time quantitative PCR (Prism 7700 Sequence Detector, Applied Biosystems, Foster City, CA) with original oligonucleotide primers (sense, 5Ј-AGAACAGTGACCGCACACCAT-3Ј; antisense, 5Ј-TCCACAACCACACAACTGAGC-3Ј) and a fluorescently labeled probe (5Ј-AGCGTGCTTCTGGAAGGCCCTCCTCACAGT-3Ј). The size of the amplified DNA was 223 bp. The levels of hNSF mRNA were normalized to those of glyceraldehyde-3-phosphate dehydrogenase mRNA, which served as an internal control.
Western Analysis-Following transient transfection of hNSF into cells plated in 6-well plates, the transfectants were washed twice with ice-cold PBS, harvested in 1 ml of sample buffer (28) , and boiled for 10 min. Equal aliquots of protein (20 g) were then subjected to 10% SDS gel electrophoresis and transferred to a Hybond-P membrane (Amersham Biosciences). The membrane was then blocked with 5% block reagent (Amersham Biosciences), washed, and incubated first for 1 h at room temperature with rabbit anti-hNSF antibody (1:1,000 dilution) and then with secondary antibody (1:10,000 dilution). hNSF proteins were detected using an ECL Plus chemiluminescence kit (Amersham Biosciences), after which they were quantitated by densitometry using Image Gauge (LAS-1000; Fujifilm).
Statistical Analysis-Results are expressed as means Ϯ S.E. of at least three independent experiments. Differences between two groups were evaluated using Student's t tests; differences among multiple groups were evaluated with a one-way analysis of variance followed by Scheffe's tests. Values of p Ͻ 0.05 were considered significant.
RESULTS
Deletion of hRAMP C-tails-We previously established HEK-293 cells stably expressing hCRLR-GFP alone or together with MychRAMPs and used them to visualize the cellular localization and trafficking of hCRLR (10) . Following AM exposure, hCRLR is rapidly internalized together with its associated hRAMP, and then both are trafficked to lysosomes; fusion of GFP to the C terminus of hCRLR had no apparent effect on the trafficking of the heterodimeric receptor. In the present study, therefore, we used HEK-293 cells stably expressing hCRLR-GFP to examine the functions of the C-tails of the three hRAMPs within the respective CRLR/RAMP heterodimers.
We initially tested the effect of completely deleting the C-tails of the three V5-epitope tagged hRAMPs (Fig. 2 ). When coexpressed with hCRLR, V5-RAMP1, -2, and -3 were detected at the surfaces of 45.9, 21.9, and 38.9% of cells, respectively. On the other hand, the V5-RAMP deletion mutants ⌬139-RAMP1, ⌬166-RAMP2, and ⌬139-RAMP3 appeared at the surface of 43.7, 5.0, and 38.8% of cells, respectively. Thus, deletion of the C-tail significantly reduced surface delivery of only RAMP2. Surface immunoreactivity was detected in only 0.55% of cells expressing the empty vector (Mock), which is well within the 2% limit of resolution characteristic of FACS analysis.
We next evaluated the binding profiles of 125 I-[Tyr 0 ]h␣CGRP and 125 I-hAM to cells expressing each of the wild-type and mutant receptors (Fig. 3, A and B) . When CRLR-GFP was coexpressed with empty vector (Mock), the cells showed only very low levels of specific binding of 125 (Fig. 3A) , although there was no difference in the surface expression of either heterodimeric receptor (Fig. 2) . Likewise, cotransfection of RAMP2 significantly increased the specific binding of 125 I-AM to CRLR-GFP-expressing cells, whereas cotransfection of ⌬166-RAMP2 did not. In this case, the reduced binding could be due to reduced surface delivery of the mutant receptors (Fig. 2) . Finally, deletion of the RAMP3 C-tail had no effect on specific 125 I-AM binding. Fig. 3B shows a set of 125 I-[Tyr 0 ]␣CGRP and 125 I-AM competition curves for the wild-type and mutant receptors. The IC 50 values derived from the curves obtained with cotransfection of ⌬139-RAMP1 or ⌬166-RAMP2 were both Ͼ1000 nM, which is much higher than those for RAMP1 and -2 (43.0 and 12.2 nM, respectively). By contrast, the IC 50 values obtained with expression of RAMP3 or ⌬139-RAMP3 were within the same order of magnitude (560 and 257 nM, respectively).
We then further characterized the mutant receptors by measuring agonist-induced intracellular cAMP accumulation (Fig. 3, C and D) . ␣CGRP and AM elicited little or no cAMP production in HEK-293 cells expressing CRLR-GFP alone, indicating that the stable transfectants used in this study express no functional RAMP proteins. In cells coexpressing RAMP1 and CRLR-GFP, by contrast, ␣CGRP (EC 50 ϭ 0.18 nM) elicited marked increases in cAMP (Fig. 3C) . In cells expressing ⌬139-RAMP1 with CRLR-GFP, the EC 50 for ␣CGRP was increased only a little, as compared with RAMP1 (to 0.49 nM), and the maximal responses were also similar to those seen with RAMP1 (Fig. 3C) . Interestingly, the responses to [Tyr 0 ]␣CGRP by cells expressing CRLR-GFP/ ⌬139-RAMP1 (EC 50 ϭ 8.5 nM) were significantly smaller than those seen in cells expressing CRLR-GFP/RAMP1 (EC 50 ϭ 0.79 nM). In cells transfected with RAMP2, AM elicited significant increases in cAMP (EC 50 ϭ 0.38 nM), but these responses were diminished by 62.1% in cells transfected with ⌬166-RAMP2, although there was no significant change in EC 50 (0.16 nM) (Fig. 3D) . AM-evoked cAMP production did not significantly differ in cells expressing RAMP3 or ⌬139-RAMP3 (EC 50 ϭ 0.41 and 0.20 nM, respectively) (Fig. 3D) . That the cAMP production elicited via the respective receptors largely paralleled the profile of radioligand binding (Fig. 3, A and B) suggests that the C-tails of RAMP1 and -3 have little or no involvement with agonist binding and signaling.
We previously quantified the internalization and recycling of AM receptors (CRLR/RAMP heterodimers) using radioligand binding assays; however, interpretation of those experiments was complicated by the high degree of nonspecific AM binding, which reflected the highly hydrophobic and basic nature of the native peptide (1, 10, 11) . In the present study, therefore, we used FACS to evaluate agonist-mediated internalization and recycling of wild-type and mutant CRLR-GFP/ RAMP heterodimers. Fig. 4A shows the receptor internalization induced by 1 M ␣CGRP-or AM. Exposure to the appropriate agonist elicited rapid declines in cell surface expression of wild-type CRLR-GFP/RAMP1 and -3 that led to 40 -60% reductions in signal strength within 2 h and to 90% reduction in cell surface CRLR-GFP/RAMP2 within 30 min. Heterodimers composed of CRLR-GFP plus ⌬139-RAMP1 or ⌬166-RAMP2 tended to be internalized somewhat less efficiently, whereas internalization of the CRLR-GFP/⌬139-RAMP3 heterodimer was markedly enhanced. Notably, these phenomena occurred with no changes in cell surface CRLR-GFP expression or AM binding and signaling (Figs. 2 and 3) .
The dose dependence of the agonist-evoked receptor internalization is illustrated in Fig. 4B . ␣CGRP elicited equivalent dose-dependent internalization of CRLR-GFP/RAMP1 and CRLR-GFP/⌬139-RAMP1. AM dose-dependently induced RAMP2-mediated internalization of CRLR-GFP, which was more efficient than RAMP1-mediated internalization. And ⌬166-RAMP2 mediated internalization of CRLR-GFP even more efficiently than did wild-type RAMP2, although the basal surface expression of CRLR-GFP/⌬166-RAMP2 was much lower (Fig.  2A) . ⌬139-RAMP3-mediated internalization of CRLR-GFP only differed from that mediated by wild-type RAMP3 at high AM concentrations (100 nM and 1 M), at which time internalization of the mutant was more efficient.
Progressive Truncation of the C-Tails of hRAMP2 and -3-The results presented so far show that for hRAMP1, the C-tail is not necessary for cell surface delivery and internalization of CRLR (Figs. 2 and 4) . For hRAMP2 and -3, by contrast, the respective C-tails do appear to be involved in determining the surface expression and internalization kinetics of CRLR.
To determine more precisely which sites on the C-tails of hRAMP2 and -3 regulate the cellular trafficking of CRLR/RAMP heterodimers, we constructed a group of progressive C-tail truncation mutants (Fig. 1) and then transfected each RAMP construct into HEK-293 cells stably expressing CRLR-GFP. When ⌬166-or ⌬167-RAMP2 was individually transfected into HEK-293 cells, its transfection efficiency (ϳ15%) was comparable with that for wild-type RAMP2 (Fig. 5) . Moreover, immunocytochemical analysis showed that almost all of both mutants remained in the ER, representing a pool of newly synthesized molecules not yet transported to the cell surface (Fig. 6 ). Although they were transfected into CRLR-GFP-expressing cells, however, ⌬166-and ⌬167-RAMP2 largely failed to transport CRLR-GFP to the cell surface, resulting in significant reductions in specific 125 I-AM binding and AM-evoked cAMP production (Table 1 ). This suggests that the 168th and 169th amino acids (SK sequence) of RAMP2 are important for cell surface delivery of CRLR. The reason for the discrepancy between the IC 50 and EC 50 remains unclear, however. By contrast, ⌬168-and ⌬169-RAMP mediated substantially greater levels of cell surface CRLR-GFP expression, so that AM binding and signaling were equivalent to that seen with wild-type RAMP2 ( Table 1 ). All of the RAMP3 truncation mutants appeared together with CRLR-GFP at the cell surface (Fig. 6A) , and the resultant receptors showed AM binding and signaling that was comparable with that seen with wild-type RAMP3 (Table 1) .
Among the RAMP2 mutants, ⌬166 significantly reduced internalization of CRLR-GFP (Fig. 7) . Conversely, the ⌬139-and ⌬140-RAMP3 mutants mediated significantly greater CRLR-GFP internalization than wild-type RAMP3 (Fig. 7) . Such increases were not seen with ⌬141-RAMP3, and CRLR-GFP internalization mediated by ⌬142, ⌬143, and ⌬144 was equal to that seen with wild-type RAMP3. Thus, the presence of amino acids 141 and 142 (SK sequence) of RAMP3 leads to significant decreases in CRLR internalization.
Characteristics of hRAMP C-tail Chimeras-The SK sequence is highly conserved in the C-tails of all three hRAMPs (Fig. 1) as well as in RAMP isoforms from other species (17) . We therefore tested whether exchanging C-tails would affect the cellular trafficking of CRLR-GFP. Given that hRAMP2 promoted CRLR internalization more effectively than other hRAMP isoforms did and that there were no differences in CRLR surface delivery and internalization by hRAMP1 and -3, we constructed four RAMP chimeras (RAMP1/2, -2/1, -2/3, and -3/2) by taking advantage of unique restriction sites that enabled us to generate four hybrid genes. These RAMP chimeras were then transiently transfected into HEK293 cells stably expressing CRLR-GFP and characterized by FACS analysis. As shown in Table 2 , cell surface expression and evoked CRLR-GFP internalization of all four chimeras was comparable with that seen with the respective wild-type RAMPs. Thus, exchanging C-tails did not affect RAMP-mediated surface delivery or internalization of CRLR.
Effect of hRAMP C-tail Deletion on Receptor Recycling-For recycling studies, cells were pretreated with 10 g/ml cycloheximide and 10 g/ml brefeldin A to respectively inhibit de novo protein synthesis and cause disassembly of the Golgi apparatus (29) ; neither of these reagents had any effect of their own on CGRP-or AM-induced internalization of CRLR-GFP/RAMPs (data not shown). Subsequent treatment of cells with 1 M ␣CGRP or AM for 60 min elicited a loss of cell surface receptors that persisted for at least 2 h after washing out the ligands (Fig.  8A) . Very similar results were seen with ⌬139-RAMP1, ⌬166-RAMP2, and ⌬139-RAMP3, suggesting the RAMP C-tails are not involved in lysosomal sorting of CRLR or the binding of protein(s) that determine the fate of internalized receptors.
Internalization and Recycling of AM 2 Receptors in Cells Cotransfected
with hNSF-It was recently shown that, unlike NHERF, NSF contains no recognizable PDZ domains (30) but nonetheless interacts with the PDZ motif of hRAMP3, enabling internalized AM 2 receptors to undergo slow recycling (18) . Conversely, NSF enhances ␤-arrestin 1-mediated ␤ 2 -AR internalization (31) . Notably, although rat and mouse RAMP3 C-tails contain a RLL sequence instead of a PDZ motif, NSF also promotes recycling of these CRLR/RAMP3 heterodimers (18) . With the aim of better understanding the role of NSF in AM 2 receptor trafficking, in the present study, we tested whether the reported effects of hNSF on CRLR/RAMP3 trafficking are reproduced in HEK-293 cells endogenously expressing hNSF and in hNSF transfectants.
We first confirmed that NSF was indeed endogenously expressed in HEK-293 cells by identifying both NSF mRNA and protein in the FIGURE 6 . Intracellular localization of V5-hRAMP2 and its truncation mutants. The indicated RAMP2 constructs were transiently transfected into HEK-293 cells, after which their subcellular distribution was assessed by confocal microscopy in permeabilized cells using anti-V5-FITC antibody. Calnexin (for the ER) was visualized using the appropriate secondary antibody (Alexa Fluorா 594). Co-localization with the ER marker was determined by overlay of the images (lower panels). HEK-293 cells stably expressing CRLR-GFP served as the control for co-localization of CRLR-GFP and the ER (left panels). Bar, ϳ10 m.
TABLE 1 Characterization of HEK-293 cells expressing CRLR-GFP and progressive V5-RAMP2 and -3 truncation mutants
The indicated RAMP constructs were transiently transfected into CRLR-GFP-expressing HEK-293 cells. Surface expression of each construct was estimated by flow cytometry. The results represent the means Ϯ S.E. of three independent experiments. cells (Fig. 8, B and C) . Thereafter, we determined that the levels of the transcript were unaffected by transfection of CRLR-GFP alone or together with V5-RAMP3 (Fig. 8D) . When NSF was transfected into otherwise untransfected HEK-293 cells and into CRLR-GFP transfectants, levels of its transcript were markedly higher than their endogenous levels in both (Fig. 8B) . In those cases, Western analysis of NSF protein yielded a single, strong 76-kDa band that was identical to the band obtained when endogenous NSF was probed (Fig. 8C) , which confirmed that our NSF transfection system worked appropriately. Exposure to 10 nM or 1 M AM for 60 min induced a rapid decline in cell surface CRLR-GFP/V5-RAMP3 that persisted for at least 4 h after washing out the AM (Fig. 8D ). Cotransfection of NSF had no effect on these internalization kinetics, and recycling of CRLR/RAMP3 heterodimers, if it occurred, was highly inefficient, even in the presence of abundant NSF (Fig. 8D ).
DISCUSSION
Since their discovery, there have been only a few reports addressing the functions of the respective C-tails of the three RAMP isoforms (17-19, 32, 33) ; more extensively studied have been their extracellular domains (11-13, 17, 32, 34, 35) . Consequently, whereas nearly all highly conserved residues are known to play key roles in the function and trafficking of cell surface receptors, nothing is known about the functions of the highly conserved Ser and Lys resides within RAMP C-tails. In the present study, we showed that deleting the C-tail from RAMP3 (⌬139-RAMP3) significantly enhanced AM-induced CRLR-GFP internalization but did not affect the targeting of CRLR-GFP to the cell surface or AM binding and signaling. It is therefore unlikely that the truncation of RAMP3 promoted AM-induced conformational changes in the heterodimeric receptors that would alter the binding of AM and/or the interaction of the receptor with G proteins. On the other hand, like wild-type RAMP3, all of the tested RAMP3 truncation mutants that contained the SK sequence (⌬142-, ⌬143-, and ⌬144-RAMP3) mediated CRLR-GFP internalization less efficiently than those that did not (⌬139-, ⌬140-, or ⌬141-RAMP3). We also found that substituting the RAMP3 C-tail with the RAMP2 C-tail, which also contains a SK sequence, had no effect on the AM-induced CRLR-GFP internalization. Taken together, these results suggest that the SK sequence participates in the negative regulation of CRLR/RAMP3 internalization.
The Ser/Thr residues present in the C-tails of the three RAMP have been thought to be potential phosphorylation sites, but Hilairet et al. (6) showed that in HEK-293 cells overexpressing CRLR/RAMP heterodimers, agonists rapidly promote phosphorylation of CRLR but not RAMP. They also demonstrated that internalization of the heterodimeric receptors was dependent on ␤-arrestins (6). In the present study, complete removal of the respective RAMP C-tails did not diminish the maximal extent of internalization. It therefore seems unlikely that ␤-arrestins interact with the RAMP C-tails.
Similar in function to the SK sequence, a dileucine (LL) motif, which is conserved among GPCRs (36) , is also present in the C-tail of RAMP3. This motif negatively regulates lutropin/choriogonadotropin receptor (LHR) internalization, since leucine-to-alanine mutations increased the agonist-stimulated internalization of the receptor (37) . It is thought that the LL motif participates in protein sorting through direct interaction with two clathrin adaptor protein (AP) complexes, AP-1 and AP-2 (38 -40) , and the point mutations disrupted the interaction of the LHR with AP-2 at the plasma membrane (39) . On the other hand, these mutations are believed to enhance the binding of ␤-arrestins to the LHR, thereby promoting bridge formation between ␤-arrestins and clathrin (37) . We suggest that, instead of ␤-arrestins, the RAMP3 C-tail may interact with other intracellular proteins similar to LRP6, another GPCR accessory protein that interacts with axin and catinin (41) .
We believe it is noteworthy that the hRAMP3 C-tail contains not only a LL sequence but also a type I PDZ binding sequence (see Fig. 1 ). Recently, NHERF-1 was found to interact with the PDZ motif of hRAMP3, resulting in complete inhibition of CRLR/RAMP3 internalization (33) . In that case, NHERF-1 is thought to act by tethering surface AM 2 receptors to the actin cytoskeleton in a manner also seen with epidermal growth factor receptors (42) . By contrast, NHERF-1 promotes the agonist-mediated recycling of ␤ 2 -ARs, which also have a PDZ motif (SLL) (30) . The mechanism by which NHERF-1 exerts these differing effects on different GPCRs remains unknown. In the present study, three RAMP3 truncation mutants (⌬142-, ⌬143-, and ⌬144-RAMP3) and the RAMP3/2 chimera, all of which lack both the LL and PDZ sequences, failed to enhance the AM-induced CRLR-GFP internalization. However, this does not preclude the possibility that the level of endogenous NHERF-1 expression in HEK-293 cells used was insufficient to modulate the behavior of the overexpressed RAMP3.
We also showed that deleting the C-tail of RAMP2 impaired the targeting of the CRLR-GFP to the cell surface, thereby markedly reducing AM binding and signaling. Most of the newly synthesized ⌬166-RAMP2 remained in the ER along with CRLR-GFP. By contrast, removing the C-tail from RAMP1 or -3 did not diminish surface delivery of the respective receptors. All of the RAMP2 mutants containing an SK sequence (⌬168-, ⌬169-, and ⌬172-RAMP2) showed better surface CRLR-GFP expression than was seen with ⌬166-RAMP2, which lacked the SK sequence. Apparently, the SK sequence in the RAMP2 C-tail is involved in the proper membrane localization of the CRLR/RAMP2. To our knowledge, there have been no studies on the relation between the SK sequence and surface delivery of other GPCRs, but the LL sequence in the C-tail of the V 2 vasopressin receptor was found to be crucial for ER-to-Golgi transfer of that receptor, presumably by helping establish a correct and transport-competent folding state (36) . Similarly, RAMPs appear to mediate transport of the CRLR from the ER to the Golgi, since CRLR was restricted to the ER in the absence of RAMPs (6). It therefore seems likely that the SK sequence in the RAMP2 C-tail, but not that in the RAMP3 C-tail, is essential for the escape of CRLR from the ER. The mechanism underlying the differential effect of the SK sequence on the cellular trafficking of these two AM receptors remains to be determined.
There have been two studies on the effects of CGRP in HEK-293 cells coexpressing hCRLR with a hRAMP1 C-tail deletion mutant (19, 32) . One found that the C-tail deletion resulted in a 1-order of magnitude reduction in CGRP-stimulated cAMP formation, but no data on CGRP binding were shown (19) . In that case, the 140th residue Gln, but not the SK sequence, most likely determined the affinity of CGRP for the receptor. The other study found no significant changes in CGRP binding or signaling (32) . Similarly, we found that deleting the C-tail of RAMP1 had little effect on receptor signaling, as reflected by CGRP-evoked cAMP production, although the binding profile we obtained differed from that obtained in the earlier study (32) . This absence of a significant change in the potency of CGRP may indicate that there was little change in the internalization of CRLR-GFP. In contrast to the ␣CGRP responses, 125 I-[Tyr 0 ]␣CGRP binding to CRLR-GFP/⌬139-RAMP1 was much diminished. This discrepancy could be due in part to interference by the extra N-terminal tyrosine residue (Tyr 0 ). In any event, the contribution of the RAMP1 C-tail to CGRP potency is much smaller than that made by its extracellular domain (13, 17, 32, 34, 35) .
Several earlier studies showed that internalized CRLR/RAMP heterodimers are trafficked to lysosomes for degradation (6, 10) . It is now recognized that receptor ubiquitination is essential for proper trafficking to lysosomes (43) . Indeed, our CRLR-GFP-transfected HEK-293 cells abundantly expressed endogenous ubiquitin, which attaches to lysine residues within the substrate proteins (data not shown). Nevertheless, truncation of RAMP C-tails that removed the Lys residues failed to promote recycling of CRLR-GFP. This raises the possibility that expression of intracellular proteins involved in mediating appropriate receptor recycling was inadequate in the HEK-293 cells used. NSF, like NHERF, is believed to enhance recycling of internalized receptors (44) , and it was recently shown that NSF interacts with the PDZ motif of hRAMP3, enabling internalized AM 2 receptors to undergo slow recycling (18) . Notably, although rat and mouse RAMP3 tails contain an RLL sequence instead of a PDZ motif, NSF also promoted recycling of CRLR/RAMP3 heterodimers (18). In the present study, however, the cells abundantly expressed endogenous NSF, making it unlikely that poor expression of NSF underlies the trafficking of CRLR-GFP/RAMP3 to lysosomes without recycling. Even overexpression of NSF in these cells did not alter the AM-mediated trafficking of AM 2 receptors.
The rapid recycling pathway has been best studied and characterized for the ␤ 2 -AR, which has a PDZ motif in its C-tail (14, 15, 30) and which requires both NHERF and NSF for its recycling (30, 44) . Indeed, among 59 representative seven-transmembrane segment GPCRs tested, NSF bound most strongly to the ␤ 2 -AR tail (44) . However, a point mutation within the PDZ motif that disrupted the binding of NSF, but not that of NHERF, had no effect on ␤ 2 -AR recycling (30) . In addition, the ␤ 1 -AR and cystic fibrosis transmembrane regulator each contain a C-terminal PDZ binding sequence (SKV and TRL, respectively) and undergo rapid recycling, despite their failure to bind NSF (30) . Thus, NSF binding to GPCRs and RAMP3 is not required for recycling of proteins containing PDZ binding sequences.
In summary, our results indicate that the C-tails of hRAMP2 and -3 are involved in hCRLR surface delivery and internalization, respectively, and that the highly conserved SK sequence within their C-tails is a key determinant of the cellular behavior of the AM 1 and AM 2 receptors.
